Hypoxia at high altitudes constrains O 2 supply to support metabolism, thermoregulation in the 3 cold, and exercise. High-altitude natives that somehow overcome this challenge -who live, 4 reproduce, and sometimes perform impressive feats of exercise at high altitudes -are a powerful 5 group in which to study the evolution of physiological systems underlying hypoxia resistance. 6 Here, we sought to determine whether a common pulse oximetry system for rodents (MouseOx 7 Plus®) can be used reliably in studies of high-altitude birds, by examining the hypoxia responses 8 of the Andean goose. We compared concurrent measurements of heart rate obtained using pulse 9 oximetry versus electrocardiography (ECG). We also compared our measurements of peripheral 10 arterial O 2 saturation (SaO 2 ) in uncannulated birds to published data collected from blood 11 samples in birds that were surgically implanted arterial cannulae. Responses to acute hypoxia 12 were measured during step-wise reductions in inspired partial pressure of O 2 . Andean geese 13 exhibited very modest breathing and heart rate responses to hypoxia, but were nevertheless able 14 to maintain normal O 2 consumption rates during severe hypoxia exposure down to 5 kPa O 2 .
The objective of this study was to examine whether a common pulse oximetry system species, but it has never been validated for use in birds. Nevertheless, such a pulse oximetry 8 system would be extremely valuable for carrying out experiments on large numbers of 9 individuals (a necessity for examining the prevalence of convergent evolution across many high-10 altitude taxa) and/or in the field, because it would facilitate measurements of peripheral SaO 2
11
(along with heart rate) without needing to surgically implant birds with catheters for sampling 12 blood. Our general approach was to examine the hypoxia responses of Andean geese, comparing 13 the heart rate and SaO 2 data collected with the MouseOx Plus® to heart rate measurements 14 collected using electrocardiography (ECG) and to previously published data on arterial 15 oxygenation that we measured in blood samples from cannulated birds (Lague et al. 2017). We 16 also measured various other cardiorespiratory variables to determine the extent to which surgery 17 and/or cannulation impacts breathing and respiratory gas exchange, and could thus alter 18 measurements of arterial oxygenation. smaller in the neck than in many peripheral tissues (e.g., feet, wings, etc.). Birds were placed in a 15 flexible cradle with their head in a 4 l opaque chamber that was sealed around the neck using a 16 latex collar, and were fitted with pulse oximetry collars as well as thin ECG electrodes (F-E2-12, 17 Grass Technologies, Natus Medical Incorporated, Pleasanton, CA, USA) inserted under the skin 18 on the back (except for one of the seven birds that was not instrumented with ECG electrodes, 19 and only the pulse oximetry collar). Birds were then allowed 60-90 min to become accustomed 20 to the experimental apparatus, with ambient air (which had an O 2 tension, PO 2 , of ~13.4 kPa) 21 delivered to the opaque head chamber at a flow rate of 5 l min -1 . Measurements then began in ambient air for 25 min, after which birds were exposed to 25 min step-wise decreases in the PO 2 23 of air flowing into the head chamber (12, 9, 7, and 5 kPa), and then finally returned to breathing 24 ambient air to recover for 25 min. The PO 2 of inflowing air was set by mixing air and nitrogen 
However, F E CO 2 was not measured for technical reasons in the previous study of cannulated 15 Andean geese (Lague et al. 2017), such that VO 2 was approximated using the equation
. Therefore, for the uncannulated geese in the current study, we also 17 calculated VO 2 using this approximation and used it to determine the ventilatory equivalent 18 (quotient of V Tot and VO 2 ), in order to compare with data collected from cannulated geese in the 19 previous study. VO 2 and ventilatory equivalents calculated using the approximation are reported 20 in fig. 1 , but we also report results from the correct calculation of VO 2 in the text of the results.
21
Heart rate was determined from the frequency of QRS complexes in the ECG signal. to hypoxia (VO 2 in ml/kg/min at each inspired PO 2 : 13.4 kPa, 11.5 ± 1.5; 12 kPa, 11.6 ± 1.6; 9 9 kPa, 10.9 ± 1.3; 7 kPa, 10.6 ± 1.6; 5 kPa, 10.3 ± 1.3). Nevertheless, the above results suggest that 10 there were some small differences in breathing between cannulated and uncannulated birds that 11 may have led to differences in respiratory gas exchange.
12
There were also some differences in cardiovascular variables between cannulated and 13 uncannulated Andean geese. Heart rate increased in both groups with exposure to deep hypoxia There was strong concordance between the measurements of heart rate collected by ECG equality. Therefore, the pulse oximetry system appeared to provide accurate measurements of 28 heart rate, such that the differences in heart rate between uncannulated and cannulated Andean the differences between SaO 2 data measured in uncannulated birds using pulse oximetry and in 21 cannulated birds in blood samples are predictable and can be corrected for. 22 The measurements of heart rate using the pulse oximetry system were strongly correlated 23 with the concurrent measurements using ECG ( fig. 2) . It is therefore likely that the differences in 24 heart rate responses to hypoxia between groups of Andean geese ( fig. 1) We confirm our recent finding that Andean geese exhibit a ventilatory response to allow this species to take advantage of the benefits of breathing less.
The blunted HVR exhibited by Andean geese has also evolved in some high-altitude taxa, 
